Purpose: To evaluate the optical coherence tomography angiography (OCTA) parameters in patients with diabetic retinopathy following panretinal photocoagulation (PRP). Methods: Eleven eyes of 6 patients with very severe nonproliferative diabetic retinopathy (NPDR) or early proliferative diabetic retinopathy (PDR) were recruited in this prospective interventional pilot study. All patients underwent OCTA imaging at baseline, and choroidal flow, foveal avascular zone (FAZ), retinal thickness, and vascular density were measured at baseline. Three months after treatment, OCTA was repeated, and the alteration in variables was analyzed. Results: The FAZ area remained unchanged following treatment, (P ¼ 0.75). Retinal thickness increased along (P ¼ 0.02) with an increase in vascular density in the superficial and deep foveal area and the macular temporal sector (P ¼ 0.007, 0.03 and 0.049, respectively). Choroidal flow surface area was unchanged (P ¼ 0.10). Conclusion: In this study, foveal vascular density increased and FAZ remained unchanged after PRP for diabetic retinopathy.
Introduction
Diabetes mellitus (DM) is a chronic disease with an overwhelming impact on public health and a leading cause of blindness worldwide. 1 Currently, panretinal photocoagulation (PRP) is considered the standard of care for proliferative diabetic retinopathy. Improved oxygenation to the remaining ischemic retina via destruction of the highly active photoreceptor cells is among the proposed mechanisms for PRP. 2 Subsequently, production of vascular endothelial growth factor (VEGF), the key player in neovascularization process, is reduced. The reduction in the level of VEGFs might lead to regression of harmful new vessels.
Alteration of retinal microenvironment following PRP has an impact on retinal vasculature and hemodynamics. However, the reduction in VEGF following PRP may result in vascular occlusion or impairment of retinal blood circulation. 3, 4 Alteration of blood-retinal barrier and ocular blood flow after PRP have been documented. 5 Additionally, the effects of Conflicts of interest: The authors declare that they have no conflict of interest.
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PRP on choroidal vasculature have been investigated 6, 7 ; however, the results were contradictory, probably due to various imaging and measuring modalities.
With the advent of optical coherence tomography angiography (OCTA), a non-invasive dye-less modality, vascular mapping with high speed and quality is feasible for visualization of vascular system in different retinal and choroidal levels in addition to optic nerve head.
8e10 Several investigations have demonstrated the competence of OCTA in the quantification of microvascular density, capillary dropout, and foveal avascular zone (FAZ) area in diabetic patients. 11e14 The aim of this pilot study is to evaluate the short-term changes in macular vascular density, flow surface area, and FAZ after PRP in patients with very severe nonproliferative diabetic retinopathy (NPDR) and early proliferative diabetic retinopathy (PDR).
Methods
This prospective interventional case series was conducted in Farabi Eye Hospital, a tertiary center in Tehran, Iran. Local Ethics Committee of Tehran University of Medical Sciences approved the protocol, and a written informed consent was obtained from the participants. The study adhered to the tenets of the Declaration of Helsinki.
Consecutive treatment-naive diabetic patients referred to our clinic between July 2017 and December 2017 with very severe NPDR or early PDR who were candidates for PRP treatment were enrolled in this experiment. All patients were recruited by a single physician (F.B.). Patients underwent thorough ophthalmic examination including biomicroscopy, intraocular pressure measurement, dilated fundus exam, and fundus photo. Patients with a previous history of uveitis, uncontrolled glaucoma, fibrovascular traction, extensive neovascularization meeting the definition of high-risk PDR, evidence of vitreomacular traction, clinically significant macular edema, history of previous treatment for diabetic retinopathy including anti-VEGF and laser, and significant media opacity impeding acceptable image quality were excluded. Additionally, the central macular thickness of more than 300 mm in OCT was also a criterion for exclusion in order to omit confounding errors in segmentation and measurements accompanied by macular edema. 15 OCTA was performed by an RTVue XR Avanti instrument (version 2015.1.1.98; Optovue, Fremont, CA, USA) using the split-spectrum amplitude-decorrelation angiography (SSADA) algorithm. 16 Images were acquired at baseline and 3 months following PRP treatment. A 3 Â 3 mm image centered at fovea was obtained consecutively for each eye. To optimize image quality 'Auto All' function was utilized and low-quality scans (due to blinking or significant motion artifact) were excluded and repeated until an acceptable quality was achieved.
Automated segmentation with Angio-Vue preset module was utilized for each measurement. In each eye, the measurements were performed in the superficial capillary network [ranging 3 mm from the internal limiting membrane (ILM) with an offset of 15 mm], and deep capillary network (covering from 15 mm of ILM to 71 mm) layer of the retina. The foveal region was outlined as a central circle with a 1 mm diameter and the parafoveal region was delineated as a ring, by 3 mm wide, surrounding the foveal region according to Early Treatment Diabetic retinopathy Study (ETDRS) cirlces. 17 The OCTA commercial software (AngioAnalytics version 2015.1.1.98) calculated vascular density as the percent of the area of interest occupied by retinal vasculature in selected depths. Vascular density along with macular thickness was recorded in 9 macular sectors defined by ETDRS. Flow area was measured at the level choriocapillaris in 3 mm circles. FAZ area was measured in mm 2 at the superficial capillary plexus (SCP) automatically by the built-in software. 18 A single (K.F.) user manually fine-tuned the plane to maximize the visualization of the retinal capillary bed (Fig. 1) .
PRP was performed at two to three consecutive sessions with adherence to the guidelines of ETDRS Research Group. Topical anesthesia was applied and 1000 to 1200 spots with an argon laser (532 nm) with the spot size of 500 mm were made at each time point. PRP was applied in all 4 peripheral quadrants in 3 consecutive weekly sessions by an independent ophthalmologist unaware of the study design. OCTA imaging was repeated 3 months following the completion of full PRP.
The patients did not receive any additional therapy including macular photocoagulation or anti-VEGF during the course of the study.
Statistical analysis
All statistical analyses were conducted with SPSS 21 (SPSS, Inc., Chicago, IL, USA). Quantitative variables were tested with Kolmogorov-Smirnov to determine normality and presented as mean with standard deviation. In order to compensate the effect of the neighbor eye, generalized estimating equation (GEE) model was utilized to evaluate the effect of the intervention. A P-value below 0.05 was considered significant level.
Results
Eleven eyes of 6 patients with DM type 2 including 3 males and 3 females were recruited in this pilot study. Mean age was 63.8 ± 6.5 years old. Among them, 4 patients had very severe NPDR, and the remaining 2 had early PDR.
None of the patients with very severe NPDR progressed during the course of study, and the stage of retinopathy regressed in all eyes with proliferative retinopathy.
The choroidal flow area following PRP remained unchanged (15.93 ± 1.39 to 16.35 ± 1.48, P ¼ 0.10).
Retinal thickness consistently increased in all ETDRS 3 mm grids following treatment. Foveal thickness increased significantly from 252 ± 16 mm to 272 ± 13 mm (P ¼ 0.02); however, the rise in other sectors was not statistically significant (Table 1) .
Vascular density in the foveal area at both superficial and deep levels increased following treatment. The enhancement was more notable in deep layers. Regarding other sectors, vascular density augmented in the temporal area at the deep capillary level (50.8 ± 5.6 to 54.3 ± 2.8; P ¼ 0.05). The FAZ area remained unchanged (Table 2) .
Discussion
In the present study, an increase in foveal vascular density was observed using OCTA following treatment with PRP in patients with diabetic retinopathy, and other parameters including FAZ area and choroidal flow remained unchanged.
In our study, choroidal flow area in the macular area did not show any significant changes following PRP. This finding is in contrast to previously published investigations. Takahashi et al. 19 reported a significant increase in subfoveal choroidal flow one month after PRP in the patients without macular edema, using a laser doppler flowmetry. It was extrapolated that redistribution of choroidal blood flow from obliterated peripheral capillaries to the macula and the inflammatory response triggered by PRP were the main underlying mechanisms for an increment of macular choroidal flow. 19 The discrepancy observed between our results and theirs can be due to 3 months interval in post-PRP measurement choroidal flow in our study, during which, the inflammation probably subsides and the autoregulatory functions of retinal and choroidal vasculature come into action. Another possible explanation is different measurement techniques; OCTA vs. doppler flowmetry, between two studies. Flower et al. reported that the effect of coagulating the peripheral retinal area markedly increased the choriocapillaris blood flow in the central area of the fundus relative to that in the periphery in monkey eyes by indocyanine green angiography. 20 Augsten et al., using a reflection spectra method, have also reported that peripheral retinal photocoagulation improved the choroidal circulation in the macular area in patients with PDR. 21 Numerous preceding studies that focused on the effects of PRP on the ocular circulation reported that PRP reduces retinal blood flow in patients with diabetic retinopathy. 22e24 As expected, we observed a mild increase in macular thickness following PRP. There is substantial evidence in the literature that following PRP, clinical or subclinical macular edema may ensue.
25e28 Interruption of the blood-retinal barrier has been postulated as the main factor contributing to increase in macular thickness after PRP. However, glycemic control and underlying diseases other than DM, also play an important role. 28 In our study, vascular density in the foveal area at both superficial and especially deep levels increased following treatment. In addition to redistribution of the circulation, PRPinduced inflammation, causing inducible nitric oxide synthase expression and production, could be a trigger. It is shown that reflow of occluded capillary plexus is possible in the context of diabetic retinopathy. 29 We speculate that better oxygenation of retina following PRP and consequent decrease in local VEGF levels, 2 and hence reflow of macular microvasculature is the plausible mechanism underlying increase in vascular density after PRP. The intrinsic ability of OCTA in detecting patent vessel with adequate blood flow led to such observation. 13 Alterations of FAZ area have been suggested as a marker for screening and monitoring of treatment in diabetic patients. 30e32 OCTA is superior to conventional angiography for delineation of FAZ area. 33 In 2015, Takase et al. investigation using OCTA, demonstrated that FAZ enlargement in comparison to healthy subjects may be a universal finding in diabetic patients regardless of the presence or lack of concomitant diabetic retinopathy. Enlargement of FAZ in diabetic patients in comparison with normal healthy patients has been demonstrated in other studies. 34, 35 The microvascular abnormalities and subsequent capillary occlusion have been introduced as main factors responsible for FAZ enlargement in diabetic patients.
14 Our analyses did not reveal any significant alteration in the FAZ area following PRP. However, the mere non-enlargement of FAZ area can be a sign of controlled ischemia achieve by PRP.
Recently, Lorusso et al. in a similar study investigated the alteration of OCTA parameters following PRP. Despite our results, they did not observe any changes in the vascular density and FAZ area. There are two possible explanations. First, their study period was extended up to six months after PRP comparing to our midterm 3-month finding. Another basis of discrepancy can be the inclusion of patients with very severe NPDR in our study. It can be extrapolated that these patients with a lower stage of diabetic retinopathy as opposed to PDR stage may benefit from earlier PRP treatment. However, the limited number of subjects in each arm precluded us from performing subgroup analysis to further evaluate this theory.
The limited number of patients is a major drawback to this study. A larger number of patients and a longer follow-up period are needed to elucidate the relation between the various studied variables. Lack of control for the metabolic condition of the patients is another concern. However, the relative short follow-up render this less problematic. In addition, failure to perform manual correction of retinal slabs which may affect the vascular density measurement 36 is another limitation.
This finding underscores the proficiency of OCTA as a noninvasive method for monitoring macular ischemia and blood flow indices. Further investigations are mandatory to determine the changes in macular vasculature in patients undergoing PRP or determining the patients who might require additional treatments such as anti-VEGF injection.
